Abstract. Lung cancer is one of the most lethal types of cancer, and its poor prognosis is primarily due to drug resistance and cancer recurrence. As it is associated with a low five-year survival rate, lung cancer stem cells (LCSCs) have been the subject of numerous recent studies. For these studies of LCSCs, lung cancer cell lines are more commonly used than lung cancer tissues obtained from patients, as they are easier to acquire. The methods utilized for the identification of LCSCs from lung cancer cell lines include fluorescence activated cell sorting (FACS), magnetic activated cell sorting (MACS), sphere-forming assay and bacterial surface display library screening. As LCSCs have certain proteins expressed on the surface (CD133, CD44 and CD24) or in the cytoplasm (ALDH and ABCG2), which may act as specific markers, the most frequently used technique to identify and obtain LCSCs is FACS. The current lack of recognized biomarkers in LCSCs makes the identification of LCSCs problematic. Furthermore, the various proportions of LCSCs in specific cell lines, as revealed by numerous previous studies, may cause the LCSC model to be questioned with regard to whether the utilization of certain lung cancer cell lines is dependable for LCSC studies. The current review focuses on lung cancer cell lines that are used for the study of LCSCs and the methods available to identify LCSCs with various markers. The present study also aimed to determine the proportion of LCSCs present in specific cell lines reported by various studies, and to discuss the suitability of specific lung cancer cell lines for the study of LCSCs.
Introduction
Lung cancer stem cells (LCSCs) have an important role in the development of lung cancer; therefore, LCSCs have been the subject of numerous recent studies (1) (2) (3) . According to certain studies, LCSCs originate primarily from normal tissue stem cells or the de-differentiation of normal cancer cells (3, 4) . Prior investigations of LCSCs have been conducted using cancer cell lines or patient primary tumor tissue samples, of which, the former is more often used due to easier access. LCSCs are promising targets for lung cancer therapy, and it is crucial to improve available techniques for their identification from normal cancer cells. The current methods of LCSC collection include fluorescent activated cell sorting (FACS), magnetic activated cell sorting (MACS), sphere-forming assay, the establishment of lung cancer cell lines with stem cell properties and bacterial surface display library screening. Among these, FACS is the most commonly used technique. Consequently, the specific markers for isolating LCSCs became the subject of a number of studies (5) (6) (7) (8) (9) (10) (11) (ALDH), CD133, CD166, CD44, C-X-C chemokine receptor type 4 (CXCR4) and interleukin-6 receptor (IL-6R) and other proteins (as shown in Table I ) have all previously been identified as markers of LCSCs, and these markers may be utilized in further studies to identify LCSCs.
Lung cancer and LCSCs
Lung cancer is the most frequent cause of cancer-associated mortality (12) and ~1.4 million individuals succumb to the disease annually (13) . There are two major types of lung cancer: Small cell lung cancer (SCLC), which accounts for ~15% of all types of lung cancer (14) and non-small cell lung cancer (NSCLC), which accounts for ~80% of all lung cancer cases (15) . NSCLC maybe further divided into two subtypes: Squamous cell carcinoma (30% of NSCLC cases) and adenocarcinoma (70% of NSCLC cases) (13) . A good prognosis is typically predicted if the patients are diagnosed at a relatively early tumor stage [according to the National Comprehensive Cancer Network (NCCN) guidelines] (16, 17) . However, it is well-known that a number of cases are diagnosed at the third or fourth NCCN stage and are associated with a poor survival rate due to inefficacious treatment options. Studies on poor clinical outcomes identified that the complex tumor microenvironment, particularly of CSCs, is involved in the promotion of tumor metastasis (18) , drug resistance (19) and resistance to radiotherapy (20) . The CSC model was first proposed in 1997 following the identification of leukemia stem cells (21) , and evidence for the existence of LCSCs was presented by Giangreco et al (22) in 2009. The properties of LCSCs include: Drug resistance, self-renewal and the capacity to form tumors in xenograft mouse models. These features are the current gold standard for the identification of human LCSCs (23) . Other criteria used to identify CSCs are as follows: CSCs sorted by FACS are able to generate spheres in non-adherent cultures; more aggressive metastatic properties determined using a Transwell assay; the formation of CSC colonies is efficient, as compared with normal cancer cells; certain mRNAs and proteins, including octamer-binding transcription factor 4 (OCT4), homeobox protein NANOG and sex-determining region Y HMG-box 2 (SOX2) that are associa ted with cancer stem cells are overexpressed (24) .
The origin of CSCs is still a matter of debate; the two hypotheses of CSC sources are presented in Fig. 1 . For LCSCs, the possibility of their origin from normal tissue stem cells was proposed by a previous study (25) . A pulmonary stem cell population was initially identified at the bronchio alveolar duct junction and termed bronchio alveolar stem cells (BASCs), on account of the stem cell-like features (26) . Transformation of BASCs to normal lung cancer stem cells is induced by various carcinogenic factors; it is also possible for BASCs to transform to LCSCs (26) . Additionally, it has been reported that LCSCs may develop from normal cancer cells that have regained a capacity for self-renewal following de-differentiation to a progenitor-like state (27) .
Lung cancer cell lines are used for studies of LCSCs
Prior investigations into LCSCs have been primarily conducted using various cancer cell lines or primary patient tissue samples (28, 29) . Studies of LCSCs using patient tissue samples are the gold standard; however, these are difficult to regularly obtain (30) and tissue samples from patients with early NCCN stage cancer often possess varying quantities of non-malignant cells (31) . Therefore, lung cancer cell lines are more often used to study LCSCs, rather than patient tumor tissues.
In the present study, the American Type Culture Collection (ATCC, Manassas, VA, USA) was searched for lung cancer cell lines, with a total of 213 subsequently presented. The number of individual lung cancer cell lines is almost the largest amongst epithelial cancer cell types, and 20% of cancer cell lines in the Sanger database (www. sanger. ac. uk) are of lung cancer origin (32) . The establishment of cancer cell lines begins with the dissociation of tumor tissues using trypsin, following which the dispersed cells are cultured on plates (33) . A minority of cells are able to proliferate and form colonies followed by several divisions, whereas other cells undergo apoptosis (34) . These colony-forming cells undergo a limited number of further divisions and subsequently lose their ability to undergo mitosis. A few cells, however, are able to overcome the Hayflick limit and become immortal cancer cell line (34).
Methods of the identification and collection of LCSCs in lung cancer cell lines

FACS and MACS. FACS is the most widely used technique
for the identification and sorting of LCSCs (5) . Specific monoclonal antibodies, each of which is highly specific for the target antigen and are readily coupled to fluorescein, phycobiliproteins or other fluorochromes (6), combine with LCSC protein markers on the cell surface or in the cytoplasm. Subsequently, the cells that express these markers can be selected (5) . Single-cell sorting using FACS is the most efficient method currently available, particularly when the cells are present in low quantities (6) . MACS is also utilized for the sorting of LCSCs. Compared with FACS, MACS is typically faster for sorting low-abundance cell populations (7) . As the aim is to identify cancer stem cells that account for low proportion of all cancer cells, MACS maybe more efficient compared with FACS despite the higher cost (to use MACS, more tools are necessary compared with FACS, such as the expensive magnetic bead).
Sphere-forming assay. As aforementioned, sphere forming is one of the properties of LCSCs, and the enrichment of LCSCs using this assay method has been used (8) . When cultured in serum-free medium (DMEM/F12 medium) supplemented with basic fibroblast growth factor and epidermal growth factor, lung cancer stem cells are able to form floating spheres, and CSCs are enriched inside these spheres (8) .
Establishment of lung cancer cell lines with stem cell
properties. Human bronchial epithelial cells retain the capacity to differentiate into basal, mucin-producing and columnar ciliated epithelial cells; therefore, they may be used for the study of CSCs (9) . A previous study established a cell line as a CSC line by sorting CD133 + cells from fresh human lung cancer tissue samples using MACS and subsequently culturing them in serum-free medium (10).
Bacterial surface-display library screening. For this method, CSCs are enriched using the aforementioned sphere-forming assay. The spheres are dissociated into single cells for incubation with a bacterial library, and are then able to express green fluorescent protein (GFP) and not bind to the differentiated cells. FACS is used to identify cells expressing GFP, which facilitates the selection of cells with fluorescein isothiocyanate (FITC) fluorescence (11).
Protein markers used for the identification and sorting of LCSCs
As aforementioned, FACS is the major method currently used for LCSC identification and sorting; the markers used for their isolation have been the focus of various studies (33, (35) (36) (37) . It is possible to identify LCSC by staining cells using antibodies against these specific markers, and then to sort them using flow cytometry (35) (36) (37) . These markers include: CD133, CD166, CD44, CXCR4 and IL-6R. Combined markers are also used, including CD133 and CD44, CD44 and CD24, CD166 and Lin, CD133 and CD326, CD133 and CD338 (Table I) . These are markers expressed on the surface of lung cancer cells or inside these cells; the majority are functional enzymes, including ALDH, HO and GLDC (Table I ). The present review discusses three primary LCSC markers, including ATP-binding cassette sub-family G member 2 (ABCG2), aldehyde dehydrogenase (ALDH) and CD133.
ABCG2.
A side population (SP) is a group of cells with ABC transporters responsible for the efflux of drugs and drug-like dyes (Hoechst 33342), which are able to protect the CSCs from certain cytotoxic agents (38) . The cells with ABC transporter pumps were initially isolated by flow cytometry as an SP (39) , and numerous studies have demonstrated that SPs exhibit stemness (Table I) . A previous study on SCLC revealed that SP cells are highly tumorigenic, exhibiting drug resistance features and the expressing certain stem cell genes (40) . However, SP cells may not consist entirely of stem cells as other types of cells are also able to eliminate the Hoechst dye, and the SP phenotype is affected by staining time, dye concentration and cellular concentrations (41) . In addition, cytometry gating strategies used to isolate SP cells lack the consistency of gating strategies used when staining with markers (41).
ALDH. ALDH has been used as a protein marker of LCSCs by large number of recent studies (Table I) . Cells with high levels of ALDH are considered to be LCSCs due to a number of their characteristics including self-renewal, differentiation capacity, drug resistance, expression of other LCSC markers and positive results following xenotransplantation into mice; a small number of ALDH high cells, identified and separated with FACS, was demonstrated to lead to successful growth of cancer (42) . Certain prior studies have also used a combination of ALDH and other surface markers to identify LCSC, including ALDH + CD44 + (43) . However, Okudela et al (44) demonstrated the presence of an inverse association between ALDH1A1 expression levels and tumor aggressiveness. ALDH1A1 expression levels were identified to be decreased amongst smokers and patients with poorly differentiated adenocarcinoma and large cell carcinoma, which suggests that the functional properties of LCSCs may not be sufficient as independent markers for identifying stem cells (1).
CD133.
To the best of our knowledge, CD133 was the first LCSC marker identified; however, whether CD133 may be utilized as a marker of LCSCs is under debate. Meng et al (45) (Table I) .
Once specific markers have been identified as useful for classifying stem cells in other types of cancer, they may subsequently be used for LCSC sorting. It must be considered whether the cells that were sorted with various markers are actually the stem-like cells sought if they exhibit characteristics previously assumed to be exclusively associated with stem cells. If so, it is essential to identify those markers that may be the most useful as this will form the foundation for further studies.
Significant differences in the proportion of LCSCs in lung cancer cell lines
In the present review, markers of LCSCs previously presented by various studies were evaluated (Table I ). The present study identified that the proportions of LCSCs in the same lung cancer cell line sorted with different markers are not the same, and the proportion of LCSCs differs in the same cell line even the same marker used, after analysis of a number of studies. Specifically, the proportion of LCSC is ≤7% with 'SP', 0. 76% with CD44 + CD24 -and 2.5% with CD133. CD133 + LCSCs counts for ~0.3% as reported by Yi et al (47) ; however, Tirino et al (27) demonstrated that the proportion of LCSCs observed in the same cell line was ≥10 times higher, at ~3.9%.
Roudi et al (49) studied expression of several CSC markers of A549 cells and their result showed that ~68.16 or 54.46% of the cells expressed CD44 or CD24, 27.92% cells express Proportions of LCSCs in certain cell lines identified with the same markers may vary, partly due to the distinct environment of each cell population. Furthermore, the LCSC proportion within specific cells lines may also vary. Cell lines are established through single cell separation and cultivation; during the cell lifetime, the manifestations of its phenotype and protein expression profile must be observed as once a cell line is grown it acquires mutations, including chromosome loss or gain. Although cell lines used in the laboratory are originally identical, they may experience significant differences in cell passage number, the medium used, the microenvironment, which may specifically affect the stem cell proportion, and how they are maintained; therefore, numerous cell features, including the cell charge, which may affect the electrophoresis potential, and the chromosome number, may be inconsistent. The SP cell ratio may range from 0. 9-24% in the A549 cell line according to the results of two independent studies (50, 51) . Genetic or epigenetic changes in cancer cells are necessary, in vivo and in vitro, in order to allow the cells to adapt to the conditions to which they are exposed (52) . For example, hypoxic conditions lead to the selection of a hypoxia-resistance phenotype for cancer stem cells (53) . The high proportion of LCSCs identified in A549 cells identified by Sung et al (51) may be due to the A549 cell lines they employed, which are likely to undergo more rigorous conditions of existence, such as less supplements and hypoxia. Studies using other types of cancer cells have also indicated that, while the microenvironment conditions can lead to the loss of stemness in CSCs, glioma cell lines may lose their multi-potential differentiation capability and the expression of certain stem cell markers when cultured even under standard conditions (54) .
CSCs are considered to be a small subpopulation of cells, typically ≤1% within a given tissue (55); however, numerous studies have identified a varying proportion of normal cancer cells. According to a study conducted by Meng et al (45) , ≥45% of A549 and H446 cells are cancer-initiating cells. Using flow cytometry, Leung et al (56) investigated the expression of specific proteins considered to be markers of LCSCs in ten lung cancer cell lines, including CD34, CD44, CD133, BMI1 and OCT4 (56) . The results indicated that CD133 + cancer cells were rare in those cell lines, and CD133 + cancer cells were only identified in the HCC1833 cell line. CD44 + cancer cells, as determined by the authors (56), 'are enriched for stem cell-like properties' and counted for 61.7-95.9% in H1650, H1299, HCC827 and H23 cells. Therefore, a high proportion of cells in these lines have stem cell-like properties, which indicates that the majority of these cells are LCSCs.
Possible explanations for the higher proportion of CSCs observed in certain studies may include the aforementioned harsh living conditions and an extended culture duration. As previously established, when cancer cells are cultured for a relatively long time, the majority will die and a fraction will survive and become immortal cancer cells (53) . The current definition of cancer stem cells refers them as a subpopulation of cells within tumors that do not have a growth limit and are the only tumorigenic cells among all other tumor cell subsets. The longer the culture duration, the higher the probability that stem cells will be selected to survive, and a subsequently higher percentage of stem cells within a cell population may be observed (57).
Controversies within the study of LCSCs in lung cancer cell lines
Whether lung cancer cells are suitable and dependable for the study of LCSCs is a matter of debate. Certain studies have hypothesized that distinction between lung cancer cell lines and lung cancer tissues still remains. The results of clinical (58) . The mutation rate in intra-tumoral types of cancer is usually between 1x10 -8 -1x10 -9 per base per cell division, and this can result in mutations arising in numerous cancer cells (59) . For example, genes concerning stemness in specific cells are activated and this is the source of the changes via which normal cancer cells become cancer stem cells. Cancer cell lines are typically more stable, with a mutation rate relatively lower than that identified in cancer tissues; this may partly explain the failure of clinical agents targeting cancer stem cells that originated and were developed from studies that utilized cancer cell lines.
Shortcomings of using lung cancer cell lines for the study of LCSCs originate from the differences between cancer cell lines and cancer tissues. As compared with tumor cells in tissues, tumor cell lines are usually cultured in flasks or dishes in 2D, which may result in changes in gene expression, cell morphology and chromatin condensation (60) . As reviewed by Gazdar et al (61) , there are four principal disadvantages of using lung cancer cell lines for the study of lung cancer, including the following: The possible selection of minor tumor cell subpopulations that may not be representative of the original population; the potential acceleration of genomic instability; the absence of stromal, immune and inflammatory cells; the absence of vascularization; difficulty in evaluating the metastatic potential. Other limitations include alterations in the DNA (62) and mRNA (63) . Standard culture protocols may lead to the selective growth of rapidly growing cells that may have more molecular abnormalities than other tumor cells (61) . For example, lung carcinoma cell lines have extensive chromosomal rearrangements, oncogene mutations and multiple sites of allelic loss and gene amplification (64) .
Through reviewing and summarizing a number of studies on LCSCs conducted during recent years, it was revealed that the majority of studies utilized adenocarcinoma cell lines, particularly the A549 cell line, to investigate LCSCs (presented in Table I ). Therefore, our current understanding of LCSCs has been derived from information obtained using only a select few cell lines, which cannot be assumed to represent the various cancer cells present in lung cancer tissues.
Are protein markers dependable tools for the identification of LCSCs?
CSCs enriched using diverse methods are dissimilar in a number of aspects. One study demonstrated that when CD133 + and SP cells sorted from A549 cells were cultured in adherent dishes for 3 weeks with cancer stem cell medium, the CD133 + cell subpopulation decreased, while the SP population increased (65 
Conclusion
The method most commonly employed to determine if a specific protein can be used as a marker of LSCs includes the following steps: First, utilize the fluorescent antibody corresponding to the target marker to label the cells considered to be stem cells, then sort them using FACS or MACS; second, culture the cells to determine whether they can generate spheres, have the capability of forming clones more effectively compared with normal cells and are more aggressive; third, transplanting CSCs into xenograft mice at a relatively small amount to test the tumorigenicity. Sorting of the CSCs is considered to be the key step, as this technique can distinguish CSCs from normal cancer cells directly.
To the best of our knowledge, there is currently no evidence that any combination of cancer stem-cell markers isolates any cancer stem-cell population to a high degree of purity (46) . There are certain problems associated with LCSC studies: Tumor cell lines are used as the principal model in CSC studies, as aforementioned; marker expression and cell subsets may vary within the same cell line, so the results are not directly comparable and cannot be used as a reference; the proportion of LCSCs identified with certain marker expression is inconsistent between and within cell lines, which raises the question of whether those cells are true LCSCs or if they are other cell types with only specific CSC-associated characteristics; the gold standard for the identification of LCSCs includes successful xenotransplantation into immunodeficient mice. However, immune barriers remain in nude mice despite the lack of T cells (66) . It is possible that LCSCs have been eliminated by the immune system and the tumor cells derive from daughter cells of LCSCs; the ability of a cell to form a tumor is dependent upon the microenvironment, and cells that can form tumors under one set of conditions may not form tumors under other conditions (4). Therefore, further studies are required.
